During oncogene induced senescence (OIS) heterochromatin is lost from the nuclear periphery and 23 forms internal senescence associated heterochromatin foci (SAHF). We show that an increased nuclear 24 pore density during OIS is responsible for SAHF formation. In particular, the nucleoporin TPR is 25 necessary for both formation and maintenance of SAHF. Loss of SAHF does not affect cell-cycle arrest 26 but abrogates the senescence associated secretory phenotype -a programme of inflammatory cytokine 27 gene activation. Our results uncover a previously unknown role of nuclear pores in heterochromatin re-28 organization in mammalian nuclei and demonstrate the importance of heterochromatin organisation for 29 a specific gene activation programme. 30 31 microscopy (E.M.) reveals large blocks of heterochromatin associated with the nuclear periphery 37 (Capelson and Hetzer, 2009), and mapping genome interactions with laminB1 identifies > 1000 lamina-38 associated domains (LADs). LADs are associated with heterochromatic histone marks (H3K27me3 or 39 H3K9me3) (Guelen et al., 2008). Altered NL composition in the photoreceptors of nocturnal mammals 40 leads to the loss of heterochromatin from the nuclear periphery and its accumulation at the centre of the 41 nucleus (Solovei et al., 2013).
Introduction

32
3D genome organization is governed by a combination of polymer biophysics and biochemical 33 interactions, including local chromatin compaction, long-range chromatin interactions and interactions 34 with nucleus structures. One such structure is the nuclear lamina (NL), which coats the inner nuclear heterochromatin organization could result from a balance of forces attracting heterochromatin to the NL 68 and forces repelling it away from the NPCs (Fig. 1B) . In support of this hypothesis, here we show that 69 nuclear pore density increases during OIS and that this increase is necessary for heterochromatin 70 reorganization into SAHF. We identify TPR as a key player in this reorganization. Furthermore, we 71 demonstrate the functional consequences of heterochromatin reorganization in OIS for the programmed 72 activation of inflammatory cytokine gene expression -the senescence-associated secretory phenotype 73 (SASP). 
87
Immunofluorescence and structured illuminated microscopy (SIM) (Schermelleh et al., 2008) showed 88 that increased nucleoporin levels during OIS results in an increased nuclear pore density ( Fig. 1E -G).
90
Decreasing nuclear pore density leads to loss of SAHF formation
91
To assess whether the increased nuclear pore density is responsible for heterochromatin reorganization 92 into SAHF, we used siRNAs to deplete POM121 (Fig. S2A ) during the entire course of OIS induction 93 ( Fig. 2A ). As expected, since POM121 is required for NPC assembly during interphase (Dultz and 
103
To determine if it is the increased abundance of TPR at the nuclear periphery of OIS cells, as a result 104 of elevated nuclear pore density, that is responsible for SAHF formation, we depleted TPR during OIS 105 induction ( Fig. S3A, B ). Contrary to a recent report, TPR depletion did not affect nuclear pore density
106
(McCloskey et al., 2018) ( Fig. S3C ). However similar to POM121 depletion, TPR depletion led to the 107 loss of SAHF ( Fig. 3A, B ). We confirmed these results with four independent siRNAs targeting TPR 108 ( Fig. S3D-F ). We conclude that TPR is necessary for the formation of SAHF during OIS.
109
The effect of TPR knockdown on heterochromatin re-localization during OIS does not appear to be due 110 to obvious changes in the amount of laminB1 at the nuclear lamina, ( Fig S4A) .
111
To assess whether TPR is necessary for maintenance as well as the formation of SAHF, we used a time 112 course to determine when SAHF are formed. The percentage of cells containing SAHF increased 113 gradually after 4HT treatment of ER:Ras cells, reaching a maximum at 6 days ( Fig. S4B ). We therefore 114 depleted TPR 6 days after 4HT addition, when SAHF have already formed ( Fig. 3C ). We observed a 115 dramatic reduction of cells containing SAHF two days later (day 8) ( Fig. 3D , E). siRNA depletion under 116 these conditions was only partial and we observed loss of SAHF in cells specifically depleted for TPR,
117
whereas SAHF were maintained in cells where knockdown was incomplete ( Fig. S4C ). In some cells 118 with partial TPR depletion, there was a relocalization of heterochromatin to the nuclear periphery in 119 patches that correspond to sites of TPR-depletion ( Fig. 3F ), but that still contained nuclear pores as show defective cell-cycle arrest as assayed by BrdU incorporation and activation of p16, p21 and p53 127 ( Fig. S5A-C 
141
Similarly to some other nucleoporins, a fraction of TPR is present in the nucleoplasm as well as at 142 nuclear pores (Frosst et al., 2002) . To assess whether it is the increase in nuclear pore density in OIS
143
-and consequent increased TPR abundance at the nuclear periphery -that is necessary for SASP or 144 whether TPR has an independent role, we assessed SASP upon depletion of POM121 which is only 145 present within the NPC. Decreased nuclear pore density upon POM121 depletion did not affect cell-146 cycle arrest (Fig. S7A ), but the SASP was impaired ( Fig. S7B-D) .
147
The nuclear pore basket nucleoporin NUP153 (Fig. 1A) is necessary for the association of TPR with the 148 NPC (Hase and Cordes 2003). To further confirm that the role of TPR in SAHF formation and SASP 149 depends on its presence at the NPC rather than in the nucleoplasm, we depleted NUP153 (Fig. S8A ),
150
NPC density was unchanged (Fig. S8B ), but consistent with the role of NUP153 in TPR-nuclear basket 151 association, TPR-containing NPC density decreased upon NUP153 depletion (Fig. S8C) .
Chromatin reorganization controls the SASP
157
Our results suggest that heterochromatin reorganization is necessary for SASP during OIS. To exclude 158 that nuclear pores regulate SASP through another independent mechanism, we used a different means 159 to deplete SAHF. The histone chaperone ASF1a is required for SAHF formation (Zhang et al., 2005, 160 2007) and indeed its depletion led to a loss of SAHF in ER-Ras cells ( Fig. 5A-C) . ASF1a depletion did 161 not affect nuclear pore density (Fig. 5D ), but as for TPR and POM121 depletion, there is a dramatic loss 162 of the SASP upon ASF1a depletion in ER-Ras cells (Fig. 5E ). Whilst we cannot completely rule out that 163 intact nuclear pores are needed for SASP activation independent of chromatin reorganization, this result 164 supports the hypothesis that heterochromatin reorganization is necessary for the SASP.
165
Our data suggest that an increase in nuclear pore density is responsible for the eviction of onto nitrocellulose with a iBlot 2 gel transfer device (Thermofisher), immunoblotting was done using 199 antibodies as listed in Table S2 .
201
Immunofluorescence and SAHF measurement 202 2x10 5 cells were seeded and grown on coverslips during senescence induction. Cells were fixed in 4% 203 paraformaldehyde (pFa) for 10 min at room temperature, permeabilized in 0.1% Triton X100 for 10 min, 
